Optical magnetic nanostructures, based on anodic aluminum oxide membranes and magnetic fluids, were fabricated and investigated in both transmission and magneto-optical properties. A strong enhancement in transmission property has been found compared with the traditional magnetic fluids. Excellent magneto-optical characteristic was obtained: a negative differential magnetic linear dichroism was observed, quite different from the traditional Langevin type of magnetic fluids. This phenomenon was interpreted by an antiferromagnetic coupling between two types of magnetic grains having different average diameters in the nanocomposites. Based on its outstanding magneto-optical effects, it may open potentials for future integral optical devices.
I. INTRODUCTION
There has been a strong effect to probe optical magnetic nanostructures because of their potential applications in magneto-optical switches, modulators, optical circulators, laser isolators, magnetic field, and electric current sensors based on their multiple magneto-optical effects. [1] [2] [3] [4] [5] The entrapment of magnetic nanoparticles into solid matrices is nowadays attracting much more interest. Most of these works were devoted to studying magnetic nanoparticles dispersed in polymer matrices, in silica gels, or grown into porous colloidal silica particles. [6] [7] [8] [9] However, a meaningful challenge lies in simultaneously achieving "transparent" optical properties ͑because of the high absorption coefficients of the magnetic particles͒ with excellent magneto-optical effects, and reducing the size of the magnetic particles in the composite in order to obtain superparamagnetic behavior making the sample to be sensible at low magnetic fields.
Porous alumina films formed by anodic oxidation of aluminum have been intensively studied for use as molds to form nanostructured materials. There is a great demand for the use of highly ordered nanohole arrays in a diversity of applications, such as high-density storage media, functional nanomaterials exhibiting quantum size effect, nanoelectronic devices, and functional biochemical membranes. [10] [11] [12] [13] [14] Magnetic materials embedded in porous alumina matrix have a long history. [15] [16] [17] Generally, the main purpose of these studies is to realize a high-density magnetic recording media. [18] [19] [20] However, the idea of using nanoporous anodized aluminum oxide ͑AAO͒ membranes embedded with magnetic nanoparticles for optical application has not yet been much reported. This technique is promising for meeting the challenge mentioned above since it is compatible with both nanofabrication and magneto-optical studies.
In Figure 1͑a͒ is a schematic picture of the commercial nanoporous AAO membrane with the nanohole array open in both upper and bottom sides. A plan view field emission scanning electron microscopy ͑FE-SEM͒ image ͓Fig. 1͑b͔͒ shows a hexagonal close-packed arrays of nanoholes with an average diameter of 50 nm. The distance between these nanohole arrays is 100 nm, and the neighboring nanoholes are separated by a 50-nm-thick Al 2 O 3 sidewall. The depth of each nanohole array equals to the height of the membrane 40 m. Figure 1͑c͒ is the cross-sectional view FE-SEM image of the AAO membrane. Figures 1͑b͒ and 1͑c͒ show a high quality AAO membrane. The commercial MF we used here was a water-based Fe 3 O 4 MF with an average particle diameter of 10 nm. Here we used a chemical-free way to form the AAO/ Fe 3 O 4 nanocomposite at room temperature. The AAO membrane was immersed in a 3% water-based Fe 3 O 4 MF with an average particle diameter of 10 nm. The MF together with the AAO membrane was put in an airtight environment. All we used here was to vacuumize to let the solution infiltrated into the holes of the AAO membrane. The solution-filled AAO membrane was precleaned in water for Fig. 1͑d͒ with Fig. 1͑f͒ , one can see that increasing the pore diameter d of the AAO membrane proved effective for Fe 3 O 4 nanoparticles to transfer into the nanohole arrays. The reason for having two different magnetic size scales for the Fe 3 O 4 grains has not been clarified yet. Actually, we can imagine that, besides a large number of isolated particles, there are a lot of dense ferrocoupled domains on the inner sidewall of nanoholes. Figure 2 is an absorption spectrum of the nanocomposite ͑AAO/ Fe 3 O 4 ͒ 70 and the MF with the same thickness. Here we only listed the absorption spectrum of the nanocomposite ͑AAO/ Fe 3 O 4 ͒ 70 , not the nanocomposite ͑AAO/ Fe 3 O 4 ͒ 50 because apparently, from the FE-SEM image showed in Fig.  1͑d͒ , the nanocomposite ͑AAO/ Fe 3 O 4 ͒ 50 did not turn out well, which will also be testified in Figs. 3 and 4 . By using the equation of ␣ =−ln T, ͑here ␣ is the absorption and T is the transmittance͒ we can find out that T =23% for ͑AAO/ Fe 3 O 4 ͒ 70 , and T =1% for MF at the wavelength of 600 nm. It is seen from Fig. 2 that there is a large improvement in the light transmission property compared with the traditional MF with the same thickness ͑Fig. 2͒ and the composites consisting of magnetic nanoparticles dispersed in polymer matrices. 6, 25 The transmitted light ͑wavelength 632.8 nm͒ intensity with the electric vector perpendicular ͑ = 90°͒ and parallel ͑ =0°͒ to the magnetic field, respectively, for nanocomposite ͑AAO/ Fe 3 O 4 ͒ 50 and ͑AAO/ Fe 3 O 4 ͒ 70 versus magnetic field at room temperature was measured ͑shown in Fig. 3͒ . Their behaviors were different for different nanocomposites. As for the nanocomposite ͑AAO/ Fe 3 O 4 ͒ 50 case, the normalized transmitted light intensity remained almost still with the increasing field strength, which meant that the magnetic Fig. 4 . The values of the parallel and perpendicular dichroism ⌬␣ ʈ and ⌬␣ Ќ , are defined as the change in the absorbance of the sample as a result of applying a magnetic field and are given by
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where I 0 is the transmitted intensity at zero field. The MLD ⌬␣ is then given by
According to Fig. 4 , the MLD signals of the composite ͑AAO/ Fe 3 O 4 ͒ 50 equal almost to zero, which indicates that the wish of putting Fe 3 O 4 nanoparticles into the nanoholes fails, consistent with the results we got in Fig. 1͑d͒ and Fig.  3 . However, the situation of the MLD signals differs greatly for the composite ͑AAO/ Fe 3 O 4 ͒ 70 . The MLD signals experienced a continuous enhancement up to the field strength of 1800 Oe, and dropped greatly with the increasing field strength. Surprisingly, a negative differential MLD was observed at the field strength of 1800 Oe, quite different from the traditional Langevin type, [26] [27] [28] which also declares the success of the optical magnetic nanocomposite ͑AAO/ Fe 3 O 4 ͒ 70 .
Actually, the usual peak in Fig. 4 indicates the existence of antiferromagnetic coupling and antiferromagnetic exchange interactions in the nanocomposites ͑AAO/ Fe 3 O 4 ͒ 70 . Magnetic nanosized materials display a variety of unusual hysteresis loops, for the explanation of which several different models and possible physical mechanisms have been proposed. [29] [30] [31] [32] [33] Here, we discuss briefly the possible origin of the anomalous behavior compared with the conventional MF.
There are two types of magnetic Fe 3 O 4 grains: the isolated magnetic grains and the large Fe 3 O 4 magnetic grains ͓Fig. 1͑f͔͒, and we mark them as "I" and "II" grains, respectively. In real materials, the system always finds the configuration of absolute minimum energy. The internal energy of the system is given by 34 E = a cos͑ 1 − 2 ͒ − b͑cos 1 + cos 2 
where a is the coupling strength between the nanodomains, b is the applied magnetic field, 1 and 2 are the angular positions of the moments with respect to the applied field, and E A1 and E A2 represent the in-plane anisotropy energy. Based on this model the coupling is allowed to be ferromagnetic ͑a Ͻ 0͒ or antiferromagnetic ͑a Ͼ 0͒. Initially, in the low field range, the thermal activation plays the most important role on the magnetic state of the system, so the magnetization is just the weighted average of the two Langevin functions of I and II grains. After that, let us assume that fields higher than 1800 Oe are large enough to make the antiferromagnetic coupling between some of the I and II grains happen, and their magnetic moments are antiparallel, eventually leading to the decrease in the total magnetization. Further increase in the field can make the moment of I and II grains orientate again through the spin-flopping, characteristic for antiferromagnets. We believe that the roughness of the Al 2 O 3 sidewall might be one of the reasons why there are two types of magnetic grains in the composites and this antiferromagnetic coupling might happen both in the intralayer and interlayer of the nanocomposites. Meanwhile, according to Ref. 35 , there is also a possibility that magnetostatic effects would lead to ferromagnetic order or antiferromagnetic order depending on whether the field is applied along or perpendicular to the direction of particle interaction.
IV. CONCLUSIONS
In summary, we have designed and fabricated the optical magnetic nanostructures using AAO membranes and MFs ͓͑AAO/ Fe 3 O 4 ͒ 50, ͑AAO/ Fe 3 O 4 ͒ 70 ͔. The AAO/ Fe 3 O 4 nanocomposites were studied by optical transmission and magneto-optical effects. It turned out that the pore diameter d = 50 nm AAO membranes were not appropriate for AAO/ Fe 3 O 4 nanocomposite, according to the FE-SEM image and the magneto-optical investigation. The ͑AAO/ Fe 3 O 4 ͒ 70 ͑pore diameter d =70 nm͒ case showed a high quality of absorption spectrum and an unusual peak in the field dependent MLD. This phenomenon was interpreted by an antiferromagnetic coupling between two types of magnetic grains having different average diameters in the composites.
